Human corneal endothelial cells are derived from neural crest and because of postmitotic arrest lack competence to repair cell loss from trauma, aging, and degenerative disorders such as Fuchs endothelial corneal dystrophy (FECD). Herein, we identified a rapidly proliferating subpopulation of cells from the corneal endothelium of adult normal and FECD donors that exhibited features of neural crestederived progenitor (NCDP) cells by showing absence of senescence with passaging, propensity to form spheres, and increased colony forming efficacy compared with the primary cells. The collective expression of stem cellerelated genes SOX2, OCT4, LGR5, TP63 (p63), as well as neural crest marker genes PSIP1 (p75 NTR ), PAX3, SOX9, AP2B1 (AP-2b), and NES, generated a phenotypic footprint of endothelial NCDPs. NCDPs displayed multipotency by differentiating into microtubule-associated protein 2, beIII tubulin, and glial fibrillary acidic protein positive neurons and into p75 NTR -positive human corneal endothelial cells that exhibited transendothelial resistance of functional endothelium. In conclusion, we found that mitotically incompetent ocular tissue cells contain adult NCDPs that exhibit a profile of transcription factors regulating multipotency and neural crest progenitor characteristics. Identification of normal NCDPs in FECD-affected endothelium holds promise for potential autologous cell therapies. Human corneal endothelial cells (HCEnCs) form a monolayer of hexagonal cells on the posterior surface of the cornea and are essential for maintaining appropriate corneal hydration necessary for clear vision. HCEnCs sustain corneal clarity by serving as a barrier between the aqueous humor and the corneal stroma and by active ionic transport that regulates the swelling pressure of the cornea. HCEnCs are arrested in the postmitotic state and have limited proliferative capacity both in vivo and in vitro. The postmitotic arrest has been attributed to contact inhibition, transforming growth factor-b in aqueous fluid, and lack of paracrine stimulation by growth factors of cell-cycle promotion from the G 1 to the S phase.
Human corneal endothelial cells are derived from neural crest and because of postmitotic arrest lack competence to repair cell loss from trauma, aging, and degenerative disorders such as Fuchs endothelial corneal dystrophy (FECD). Herein, we identified a rapidly proliferating subpopulation of cells from the corneal endothelium of adult normal and FECD donors that exhibited features of neural crestederived progenitor (NCDP) cells by showing absence of senescence with passaging, propensity to form spheres, and increased colony forming efficacy compared with the primary cells. The collective expression of stem cellerelated genes SOX2, OCT4, LGR5, TP63 (p63), as well as neural crest marker genes PSIP1 (p75 NTR ), PAX3, SOX9, AP2B1 (AP-2b), and NES, generated a phenotypic footprint of endothelial NCDPs. NCDPs displayed multipotency by differentiating into microtubule-associated protein 2, beIII tubulin, and glial fibrillary acidic protein positive neurons and into p75 NTR -positive human corneal endothelial cells that exhibited transendothelial resistance of functional endothelium. In conclusion, we found that mitotically incompetent ocular tissue cells contain adult NCDPs that exhibit a profile of transcription factors regulating multipotency and neural crest progenitor characteristics. Identification of normal NCDPs in FECD-affected endothelium holds promise for potential autologous cell therapies. Human corneal endothelial cells (HCEnCs) form a monolayer of hexagonal cells on the posterior surface of the cornea and are essential for maintaining appropriate corneal hydration necessary for clear vision. HCEnCs sustain corneal clarity by serving as a barrier between the aqueous humor and the corneal stroma and by active ionic transport that regulates the swelling pressure of the cornea. HCEnCs are arrested in the postmitotic state and have limited proliferative capacity both in vivo and in vitro. The postmitotic arrest has been attributed to contact inhibition, transforming growth factor-b in aqueous fluid, and lack of paracrine stimulation by growth factors of cell-cycle promotion from the G 1 to the S phase. 1 In a normal human life span, the endothelial cell density gradually declines. 2 Therefore, age-and disease-related HCEnC loss is a major cause of corneal blindness requiring corneal transplantation to restore vision. Specifically, Fuchs endothelial corneal dystrophy (FECD) is the most common cause of endogenous endothelial cell dysfunction; it is associated with progressive cell apoptosis and concurrent extracellular matrix deposition in the form of guttae and is primarily treated by allogeneic endothelial keratoplasty. 3, 4 The pathogenic mechanism behind FECD is purportedly related to the interplay between genetic mutations and environmental factors. 5 Several reports have proposed the existence of endothelial progenitor cells situated in the peripheral cornea, but evidence so far has not been conclusive. 6e8 The description of purported stem cells (SCs) has been based on ex vivo staining of tissue with progenitor markers 7, 9, 10 or isolation of progenitor-like cells in vitro based on sphere-forming culture 8, 11, 12 or surface markers. 6, 13 However, there is no direct evidence of the existence of multipotent HCEnC cells in the corneal endothelial layer.
The refutability of the existence of HCEnC progenitors in the adult population is supported by the lack of self-renewing competence and permanent cell loss from trauma, aging, and disease, such as FECD. Moreover, HCEnCs have very low proliferative potential in vitro manifesting in limited passaging ability, rapid cellular senescence, and eventual endothelial mesenchymal transition. 1, 14, 15 The corneal endothelium in FECD has an even lower replicative capacity than that from normal corneas, and, for the most part, transduction with viral oncogenes is required to stimulate cell growth in vitro. 16, 17 Because of the age-related nature of FECD, the median age at the time of endothelial keratoplasty is 70 years. Cultures of primary FECD cells from the central cornea of these older donors often cannot be initiated because of the low number of viable cells. 18 Most studies, including our own unpublished data, show that FECD CEnCs can be passaged for only one to two passages, unless transduced with Simian virus 40 or E6/E7 oncogenes, because of low proliferative potential and rapid senescence. 19 To date, there is a scarcity of evidence regarding how to generate uniform and functional corneal endothelium from SCs, and corneal tissue remains the only source of normal or FECD HCEnCs.
The corneal endothelium is derived from cranial neural crest cells, 20 which migrate from the margins of the optic cup behind the surface ectoderm (future anterior corneal surface) and form an initial double layer of cells that becomes a single layer of flattened cells with apical-basal polarization and apical tight junctions. HCEnCs rest on the posterior corneal surface on their basement membrane, called Descemet's membrane, and become mitotically incompetent in the postnatal life. Similar to corneal endothelium, on initial migration, neural crest gives rise to several other mitotically incompetent cell types such as neurons, glial cells, myofibroblasts, and adipocytes that contribute to the formation of distinct tissues and organs. 21 Interspersed among populations of differentiated cells, neural crest SCs (NCSCs) retain their multipotency and have the ability to differentiate into a number of neural crest derivatives. To date, NCSCs have been isolated from skin, 22e24 a variety of neuronal tissues, 25, 26 and heart 27 but not corneal endothelium. Interestingly, NCSCs have been recovered from the corneal stroma, which is populated with a mixture of keratocytes and mesenchymal cells and has a distinct phenotype and function in the cornea. 28 Because stromal keratocytes share the embryologic lineage with corneal endothelium, we hypothesized that the corneal endothelial monolayer harbors neural crestederived endothelial progenitor cells that are capable of perpetual division by retaining the potential to differentiate into other neural crest derivatives. We used our previously developed sphere formation assay 29 to characterize the distinct populations of endothelial cells isolated from normal and FECD corneas and to further investigate whether these cells retain their multipotency by differentiating into other neural crest derivatives after induction with neuronal differentiation medium. Interestingly, we detected that not only normal but also FECD endothelial tissue harbor progenitor cells that seem to be unaffected by the diseased state. In this study, we identified the unique characteristics of progenitors that are of neural crest lineage in mitotically incompetent cells of the ocular tissue. 
Materials and Methods

Corneal Endothelial Tissue Specimens
Establishment of Primary HCEnCs
Donor corneas were obtained according to exclusion criteria reported previously 30 and were maintained in corneal storage medium (Optisol) at 4 C until immediately before isolation of CEnCs. Primary cells were cultured according to previously published methods 31 with minor modifications. Briefly, after dissection of DM with intact endothelium and overnight stabilization in Chen's medium (OptiMEM-I; Invitrogen, Carlsbad, CA), 8% fetal bovine serum (HyClone, Rockford, IL), 5 ng/mL epidermal growth factor (Millipore, Billerica, MA), 100 mg/mL bovine pituitary extract (Invitrogen), 200 mg/L calcium chloride (Sigma-Aldrich, St. Louis, MO), 0.08% chondroitin sulfate (Sigma-Aldrich), 50 mg/mL gentamicin (Invitrogen), and 1:100 diluted antibiotic/ antimycotic solution (Sigma-Aldrich). The strips were incubated in 0.02% EDTA solution (Sigma-Aldrich) at 37 C for 1 hour and mechanically disrupted by trituration. 30 Cell suspensions were plated in 12-well tissue culture plates precoated with undiluted FNC Coating Mix, a specially formulated reagent that dramatically increases the attachment of cells to the plastic substratum used for culturing mammalian cells (AthenaES, Baltimore, MD). Subculturing of CEnCs was performed using 0.05% trypsin (Invitrogen) for 5 minutes at 37 C. Phase-contrast micrographs were obtained using a Leica Microscope (LAS V 4.5; Leica Microsystems Inc., Wetzlar, Germany).
CFE of HCEnCs
Colony forming efficacy (CFE) was determined as previously reported. 29 In brief, 300 to 500 cells per well were
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The American Journal of Pathology -ajp.amjpathol.orgplated onto FNC-coated 6-well plates in SC medium consisting of knockout embryonic SC/induced pluripotent SC medium, supplemented with 1% nonessential amino acids, 1% penicillin-streptomycin, 1% L-glutamine (all from Invitrogen), 10 ng/mL leukemia inhibitory factor (PeproTech, Rocky Hill, NJ), and 4 ng/mL human epidermal growth factor. The cells were cultured for 14 days. The colonies were washed once with phosphate-buffered saline to eliminate growth media on day 14 and stained with 5% crystal violet (Sigma-Aldrich) for 5 minutes. CFE was calculated as CFE% Z (colonies formed at end of growth period Â 100%)/total number of viable cells seeded. CFEs were calculated from six independent experiments.
CDT
Cells were plated in FNC-coated 12-well plates at a density of 50,000 cells per well, and the medium was replenished every 2 days. Cells were treated with 0.05% trypsin, and the cell number was quantified using Countess (Invitrogen) at 2, 3, and 4 days after seeding. Cell numbers were determined for duplicate wells per time point. The average cell doubling time (CDT) was calculated from six independent experiments.
SF
From slowly proliferative primary cells, subpopulations of neural crestederived progenitors (NCDPs) growing in uniform colonies were separated manually and subcultured further. The isolated NCDPs were trypsinized, and cell number was determined by a trypan blue exclusion test with Countess Cell Counter. Approximately 2500 viable cells/ cm 2 were seeded onto uncoated bacteriological plates in sphere formation (SF) medium, containing 1:1 Dulbecco's modified Eagle's medium/F12, 2% B27, 1% N-2 Supplement (all from Invitrogen), 20 ng/mL basic fibroblast growth factor (PeproTech), 2.5 mmol/L L-glutamine, 50 mg/ mL gentamicin, and 1:100 diluted antibiotic/antimycotic solution. The cells were cultured for 7 days to promote the formation of spheres with the medium changed every 2 days. The total number of spheres represents spheres that were at least 50 mm in diameter. The spheres were collected, replated on 1% Matrigel-coated plates (BD Biosciences, San Diego, CA) for 7 days to enhance progenitor colonies, and used for RNA isolation and immunofluorescence staining.
Immunocytochemical Analysis of Spheres
Individual primary spheres grown on bacteriologic plates at day 7 were transferred to 4-well chamber slides (Invitrogen) coated with 1% Matrigel. Attached spheres were allowed to grow for 3 to 4 days in SC medium and then analyzed for SC markers. Immunohistochemistry was performed as previously described. 29 Briefly, cells were fixed with cold methanol and acetone (1:1 ratio), permeabilized with 0.2% Triton X-100 (Sigma-Aldrich), blocked with 5% bovine serum albumin for 1 hour, and incubated with primary and secondary antibodies as described in Table 1 . An isotype control was used as a negative control; the primary antibody was omitted, and a nonspecific mouse monoclonal IgG (Millipore) was used instead. The nuclei were stained with 100 mg/L propidium iodide (Sigma-Aldrich) for 2 minutes. After washing three times in phosphate-buffered saline, slides were mounted with DAPI (Vectashield; Vector Laboratories, Burlingame, CA). Images were obtained with a laser scanning confocal microscope (TCS SP5 CLSM; Leica, Buffalo Grove, IL). For each sample, high-resolution images in Z-stacks were collected and a final image was obtained by reconstruction of all stacks with Leica LAS AF Lite software version 2.1.0.
RNA Extraction, and Real-Time PCR and RT-PCR
Cells grown on 1% Matrigel were lyzed with Trizol (Invitrogen), and aqueous phase was prepared according to the manufacturer's protocol. The aqueous phase was mixed with 70% ethanol, and RNA extraction was performed with RNeasy Micro Kit with in-column DNase I digestion according to the manufacturer's protocol (Qiagen, Valencia, CA). RNA quality and quantity were measured using a 
Differentiation of NCDPs
NCDPs grown as spheres on uncoated bacteriologic plates were trypsinized, and single-cell suspensions were seeded at 2.5 Â 10 4 cells/cm 2 on glass coverslips coated with 100 mg/ mL poly-d lysine and 20 mg/mL laminin (both from SigmaAldrich). The cultures were induced with STEMdiff Neural Induction Medium (Stemcell Technologies Inc., Vancouver, Canada) for 7 days and tested for the expression of glial fibrillary acidic protein, microtubule-associated protein 2, and b-III tubulin. To induce differentiation of NCDPs to CEnCs, single-cell suspensions from spheres were seeded onto FNC-coated coverslips in Chen's medium for 7 days before immunofluorescence staining with ZO-1, Na þ /K þ ATPase, and p75 NTR .
TEnR
Transendothelial resistance (TEnR) was measured as described previously. 31 In brief, spheres generated from NCDPs at earlier and late-passages were trypsinized and plated on FNC-coated, 12-well transwell inserts (growth area of 1.12 cm 2 and 0.4 mm pore size) at a density of 100,000 cells per transwell (Corning Inc., Tewksbury, MA). Chen's medium was replaced every 2 days over the course of the experiment. TEnR was measured every 4 days using the EVOM2 Epithelial VoltOhmMeter (WPI, Sarasota, FL) over the course of 20 days. Immortalized HCEnC-21T cells 31 were used as a positive control, whereas an empty FNC-coated transwell served as a background control. TEnR values for every time point represented the average of two wells with each well measured three times.
Statistical Analysis
All assays were performed for a minimum number of three independent experiments. A two-tailed Student's t-test was performed as indicated, and P < 0.05 was considered statistically significant. For CFE, CDT, and RT-PCR experiments, the difference between groups were measured with one-way analysis of variance with Tukey's Multiple Comparison Test in GraphPad Prism version 4 (GraphPad Software, San Diego, CA) with P < 0.05 considered as significant.
Results
Identification of Highly Proliferative Cell Colonies from Normal and FECD Donors
Even though rapid cellular senescence is commonly observed with HCEnCs, phenotypic heterogeneity of HCEnC primary cultures has been noted when designing cell therapy protocols. 32 To investigate the effect of culture protocols on morphologic differences in cultured HCEnCs, a series of primary cultures from different donors were investigated. Morphologically distinct subpopulations of highly uniform cells growing in colony-like structures, interspersed among largely nonproliferative and senescent primary cells, were detected in representative normal corneas from a 21-year-old man, 56-year-old man, and 70-year-old man (HCEnC-21M, HCEnC-56M, and HCEnC-70M, respectively) (Figure 1 , AeC). These distinct subpopulations consisted of small, regularly shaped hexagonal cells that did not exhibit the elongated fibroblast-like morphologic structure of slowly proliferative primary cells (Figure 1, AeC) . We selectively isolated the highly proliferative colonies and continued to passage the cells, avoiding contamination with senescent cells by monitoring cellular morphology. We were able to passage the cells from all three donors beyond 80 passages; the cells grew continuously in regularly shaped hexagonal monolayers and exhibited contact inhibition in early (10 to 15) and late (80 to 85) passages without showing signs of senescence (Figure 1, DeI) . The fibroblast-like HCEnCs from all three donors senesced after several passages.
We have previously used a SF assay to isolate cells that have an enhanced self-renewal capacity and differentiation potential. 29 The colonies of both early-and late-passage cells developed into spheres by day 7 (Figure 1 , JeL), 
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The American Journal of Pathology -ajp.amjpathol.orgindicating the presence of the self-aggregating potential seen in progenitor cells, 31 whereas the fibroblastic cells remained adherent to the culture plates and died (Figure 1, AeC) . Previous studies described SF as a process of in vitro formation of a SC niche in skin-derived neural crest progenitors. 33 From this observation, we further investigated SC characteristics of the sphere-forming HCEnCs by culturing them on 1% Matrigel and allowing them to proliferate into monolayers of fusiform and compact cell colonies (Figure 1, MeO) . Sphere-forming capacity did not differ between early and late passages and provided an ample source of cells for further marker and differentiation potential assays.
Moreover, a similar population of highly proliferative cells was identified in a primary culture from a 69-year-old female donor affected by FECD (F-HCEnC-69M) (Supplemental Figure S1 and Figure 2 , AeC). The primary cells tended to be more senescent than those from normal donors and died in the second passage. In contrast, a subpopulation of highly proliferative cells from donor F-HCEnC-69M formed spheres, could be passaged more than 45 times, and formed compact hexagonal monolayers that were not characteristic of dystrophic and fibroblastic FECD cells (Figure 2, D and E) .
Expression of Neural Crest Markers in Normal and FECD Progenitors
Because HCEnCs are derived from neural crest cells, we next evaluated the expression of neural crest progenitor genes involved in neural crest development 33 in HCEnC-21M, -56M, -70M, and F-HCEnC-69M. To determine whether continued passaging alters cellular phenotype as previously described in a subpopulation of endothelial progenitors, 6, 13 neural crest marker expression was compared between early (10 to 15) and late (70 to 75) passages before induction of SF. For F-HCEnC-69M, passage 10 and passage 45 were compared. A nerve growth factor receptor or a low-affinity neurotrophin receptor (p75 NTR ) 26 has been used as a NCSC marker. In addition, Figure 1 Ex vivo expansion of normal HCEnCs harbors progenitor-like subpopulation with distinct growth characteristics. AeC: Phase-contrast micrographs of two morphologically distinct subpopulations of highly proliferative HCEnCs (black arrows) and slow proliferating fibroblast-like HCEnCs (white arrows) generated from three normal donor corneal specimens from men 21 years (A), 56 years (B), and 70 years (C) of age. DeI: Phase-contrast micrographs of the highly proliferative subpopulation within HCEnCs at early passage (D), 56M (E), and 70M (F) and late passage (G), 56M (H), 70M (I). JeO: Phase-contrast micrographs of spheres formed by HCEnCs at 7 days after seeding in SF medium (JeL) and leading edge of the spheres from three normal donor HCEnCs at day 7 on 1% Matrigel (MeO). Scale bars Z 100 mm (AeO). HCEnC, human corneal endothelial cell; SF, sphere formation. ajp.amjpathol.org -The American Journal of Pathology other studies have reported PAX3, AP-2b, Nestin, and SOX9 as markers of NCDP cells. 22, 34, 35 The relative expression of PAX3, SOX9, AP-2b, p75 NTR , and Nestin mRNA was higher in all four subpopulations of HCEnCs (HCEnC-21M, -56M, -70M, and F-HCEnC-69M) that in the nondividing primary cells (P < 0.05) (Figure 2, FeJ) . The relative expression of these neural crest markers did not reveal any donor age-or passage-related differences. Interestingly, FeJ: Gene expression analysis of neural crestederived progenitor cell markers (PAX3, SOX9, AP-2b, Nestin, and p75 NTR ) by real-time PCR in early and late passage HCEnCs derived from three normal donors and one FECD specimen. The relative expression of all markers in each cell type was compared with the mean expression of two normal and one FECD slow dividing primary cells. The early (passage 10 to 15) and late (passage 70 to 75) samples, except the early passage FECD samples which were derived between passages 10 to 16. RT-PCR shows significantly higher expression in HCEnCs at early and late passages than primary HCEnC, PAX3, Nestin, SOX9, and AP-2b. Data are expressed as means AE SEM. n Z 3 experiments. *P < 0.05, ***P < 0.001 by one-way analysis of variance. Scale bars Z 100 mm (AeE). FECD, Fuchs endothelial corneal dystrophy; HCEnC, human corneal endothelial cell.
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Proliferative Capacity and CFE
In culture, adult HCEnCs routinely undergo one or two population doublings (2 to 10 passages) 14, 36, 37 in vitro and rapidly become senescent or undergo endothelial-tomesenchymal transition to a fibroblastic phenotype. To further quantify the growth capacity and the ability to form colonies as a functional assay of NCDP cells, different passages of HCEnC-21M, -56M, -70M, and F-HCEnC-69M were evaluated. The CDT of nondividing primary cells was 83 AE 7.2 hours, whereas all NCDPs showed a much lower CDT, ranging from 31 to 48 hours (P < 0.0001) ( Figure  3A ). Pairwise comparisons of early-and late-passage CDTs showed significant differences in HCEnC-56M (P < 0.01) and -70M (P < 0.05) but not in HCEnC-21M, suggesting a reduced proliferative capacity of NCDPs in older adults (Figure 3, C and D) . Analogous to NCDPs from normal donors, NCDPs from F-HCEnC-69M also displayed a lower CDT (32 AE 0.6 hours) than that of slowly proliferative FECD primary cells (753 AE 107 hours; P Z 0.0003) ( Figure 3B ). These observations further support the classification of these cells as NCDPs but predict an age-and passage-dependent decline in their proliferative capability.
To evaluate the SC function of NCDPs before sphere formation, we calculated the average CFE between early and late passages and compared it with the CFE of slowly Figure 3 Cell proliferation and CFE of normal and FECD-derived progenitors is retained with age and passaging. A: CDT was calculated by seeding 50,000 cells per well in 12-well plates and counted after 2, 3, and 4 days using a Countess Cell Counter. Graph represents the CDT for early (10 to 15) and late (68 to 72) passages of HCEnC-21M, early (10 to 15) and late (70 to 75) passages of HCEnC-70M and early (9 to 14) and late (67 to 74) passages. HCEnC-56M and -70M show a higher proliferation rate at early passages than late passages; however, no significant difference is observed in proliferation of HCEnC-21M at higher passage. Primary corneal endothelial cells show a significantly slower proliferation. B: F-HCEnC-69M (passage 10 to 13) shows a higher proliferation rate with CDT of 32 hours than the slow proliferating cells from Fuchs tissue. C: The CFE of all three corneal endothelial progenitors quantified at earlier (10 to 14) and late (65 to 75) passages shows an age-and passage-dependent reduction in their colony forming ability. D: Quantification and CFE of early passage (10 to 13) F-HCEnC-69M shows an increased efficacy compared with the primary cells derived from FECD specimen. Data are expressed as means AE SEM. n Z 4 (C); n Z 3 experiments (A, B, and D). *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001 by one-way analysis of variance. CDT, cell doubling time; CFE, colony forming efficacy; FECD, Fuchs endothelial corneal dystrophy; HCEnC, human corneal endothelial cell. ajp.amjpathol.org -The American Journal of Pathology proliferating primary cells from normal and FECD donors. The average CFE of HCEnC-21M, -56M, and -70M was 4.13% AE 0.9%, 2.43% AE 0.9%, and 1.36% AE 0.09%, respectively ( Figure 3C ); all donors exhibited significantly higher CFE (P Z 0.0001) than primary slowly proliferating cells, which did not form discernable colonies during the assay. Interestingly, there was a gradual decrease in CFE with increasing donor age (HCEnC-21M versus HCEnC-56M, P < 0.005; HCEnC-56M versus HCEnC -70M, P < 0.05) ( Figure 3C ). The CFE of NCDPCs from F-HCEnC-69M was comparable with the CFEs of normal cells at 3.3% AE 0.8% and was significantly higher than the CFE of slowly proliferating FECD primary cells (P Z 0.0020) (Figure 3D ), suggesting that NCDPCs from the FECD specimen were functionally indistinguishable from those that came from normal donors.
Corneal Endothelial-Derived NCDPs Express Pluripotent Markers
NCDPs are known to express pluripotency markers. 33 We next evaluated whether CEnCs express pluripotency-related genes in addition to neural crest markers. The endothelial NCDP cells produced readily detectable mRNA levels of p63, OCT4, LGR5, and SOX2 with significantly higher levels than those found in primary slowly proliferating HCEnCs (P < 0.0001) (Figure 4 , AeD). To evaluate whether passaging affects SC characteristics, SF was induced in early and late passages, and the expression of pluripotency-related transcripts was compared. The expression of p63, OCT4, LGR5, and SOX2 was lower at late passages of HCEnC-21M and -70M than early passages (P < 0.0001). However, this trend was not observed in HCEnC-56M (Figure 4, AeD) . Note that the relative expression of p63, OCT4, and LGR5 was significantly higher in early passage HCEnC-21M than other NCDPs (P < 0.0001), indicating that the age of the donor might be important in determining the pluripotency of the cells (Figure 4, AeD) . To further evaluate pluripotency markers in endothelium, we compared protein levels and localization of SSEA4, TRA-1-60, LGR5, and OCT4 by immunofluorescence staining of NCDPs from early and late passages. The fluorescence intensities of SSEA4 and TRA-1-60 were lower in late passages of all donors but did not significantly differ with the age of the donor (Figure 4 , F and G). The intensity of LGR5 was lower in HCEnC-70M than in HCEnC-56 and -21M, but passaging did not seem to have noticeable effects on the protein levels of the HCEnC-56M donor, consistent with the mRNA data. OCT4, which is an embryonic SC marker, showed extensive nuclear localization in early and late passages of HCEnC-21M, but only in the early passages of HCEnC-56M. The HCEnC-70M donor had significantly diminished OCT4 staining, indicating that age might be a factor in adult SC maintenance (Figure 4, F and G) .
Similar to normal donors, FECD-derived NCDPs also expressed relatively high levels of SC markers p63, OCT4, LGR5, and SOX2, whereas the primary FECD cells exhibited undetectable levels ( Figure 4E ). Immunofluorescence revealed bright staining with SSEA4, LGR5, and OCT4, comparable with the levels seen in normal NCDPs. However, TRA-1-60 levels were lower in intensity in FECDs than in normal donors. Moreover, although F-HCEnC-69M expressed LGR5 abundantly, we observed a stark difference in the staining pattern of LGR5 in FECDs compared with normal donors. In normal donors, LGR5 had diffuse intracellular and plasma membrane staining, 13 whereas in FHCEnC-69M it had discrete punctate staining that was mostly intracellular without clear binding of the plasma membrane ( Figure 4H ). Internalization of LGR5 into the Golgi complex has been described because of Wnt signaling activation. 38 Taken together, corneal endothelial NCDPs expressed pluripotency markers, similar to neural crest progenitors in skin and other organs. 28, 33, 39 It is possible that in HCEnCs there is progressive reduction in stemness with age, leading to decreased self-renewal potential as shown with changes in CDT and CFE.
NCDPs Differentiate to Neuronal and CEnCs
To further assess the multipotency of endothelial progenitor cells, we evaluated NCDP cell potential to differentiate into neuronal and corneal endothelial cell lineages in vitro. After normal and FECD neuropsheres of early and late passages were dissociated and cultured in neural induction medium for 7 days, single cells started forming neurite-like processes and having morphologic features consistent with bipolar and multipolar neurons ( Figure 5 ). Immunofluorescence microscopy revealed staining of the intermediate neuronal marker b-III tubulin, mature neuronal marker microtubule-associated protein 2, and astrocyte-specific marker glial fibrillary acidic protein 40, 41 throughout the cytoplasm of the normal and FECD cells ( Figure 5 ). Marker staining patterns did not differ with age or between early and late passages of NCDPs (data not shown). These markers were undetected in undifferentiated NCDPs (Supplemental Figure S2) . Adult NCDP differentiation into neural lineages in vitro has been shown with skin-derived progenitors and corneal derivedeneural crest cells. 28, 33 In parallel, early and late passages of NCDP cells were cultured in CEnC differentiation medium (Chen's medium) 30 for 6 days and formed a uniform hexagonal endothelial cell monolayer, which did not undergo endothelial mesenchymal transition with passaging. The differentiated cells produced endothelial cell markers such as Na þ /K þ ATPase, which mainly localized to the basolateral membrane ( Figure 6A ), and ZO-1, which localized to the cell-cell junctions (Supplemental Figure S3) . Interestingly, the production of p75 NTR was retained in the differentiated cells, but it was not present in the primary cells that were not differentiated from NCDPs ( Figure 6A ). To further evaluate if these differentiated cells displayed the functional characteristics of HCEnCs, we tested the barrier integrity by measuring TEnR. HCEnCs have been shown to establish a TEnR of 15 to 25 U cm 2 in vitro.
31 Figure 6B illustrates the TEnR measured in early-and late-passages of differentiated HCEnC-21M, -56M, -70M, and
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The American Journal of Pathology -ajp.amjpathol.org Figure 4 Normal donor-and FECD specimen-derived progenitors express characteristic pluripotent markers. AeD: Spheres were generated from NCDPs on a 1% Matrigel-coated surface and tested for differential expression of stem cell markers. Relative expression of p63, OCT4, LGR5, and SOX2 are significantly higher in all progenitors irrespective of age and passage than nondividing primary HCEnCs. E: Spheres generated from F-HCEnC-69M (passage 15 to 24) show significantly higher relative expression of OCT4, SOX2, LGR5, and p63 than Fuchs nondividing cells (relative expression was below C T ). F and G: Spheres generated from early (F) and late (G) passage normal donor NCDPs were stained for SSEA4, TRA-1-60, LGR5, and OCT4. The expression of SSEA4 and TRA-1-60 decreases with passage, whereas both LGR5 and OCT4 show a reduced expression in HCEnC-56M and -70M. H: Spheres generated from early passage F-HCEnC-69M cells express stem cell markers SSEA4 and OCT4 similar to early passage HCEnC-56M and -70M. TRA-1-60 shows a reduced expression compared with all three cell types in F.
LGR5 shows an intracellular localization that differs from HCEnC-21M and -56M. Data are expressed as means AE SEM. n Z 6 experiments (AeE). *P < 0.05, ***P < 0.001, ****P < 0.0001 by two-tailed Student's t-test for F-HCEnC-69M and one-way analysis of variance for the others. . This pattern of TEnR in vitro was similar to that of previously published TEnR values. 31, 42 No significant differences in TEnR were detected between any NCDPs at early and late passages. These data demonstrate the differentiation capability of adult NCDPs to CEnCs, which retain their functional competence.
Discussion
Although endothelial cells are thought to be arrested in the postmitotic state in humans, recent reports present evidence of cell proliferation during surgical injury or disruption of contact inhibition, supporting the role of purported SCs in endothelial self-renewal. 43, 44 Specifically, spontaneous regrowth of endothelium and clearing of central corneal edema has been described in cases whereby DM was removed without implantation of healthy donor endothelium 45 and when nonfunctional or detached transplants were left in FECD eyes after removal of the diseased central endothelium. 46, 47 These clinical observations indicate a capacity for mitotic expansion not only of normal corneal endothelium but also of FECD corneal endothelium. Herein, we present the evidence that the source of this regrowth capacity partially stems from the NCDPs that form unique small, hexagonal, highly proliferative, and phenotypically distinct populations of cells without signs of senescence and Figure 5 Normal and FECD-derived progenitors can undergo differentiation to neuronal lineage. Late-passage NCDPs generated after trypsinization of spheres were seeded at a density of 2.5 Â 10 4 cells/cm 2 on glass coverslips coated with 100 mg/mL poly-d lysine and 20 mg/mL laminin. Cells were differentiated with neural induction media for 7 days, and immunofluorescence was performed for GFAP, MAP2, and b-III tubulin. HCEnC-21M, 56M, 70M, and F-HCEnC-69M express neuronal markers suggestive of differentiation to neuronal lineage. Scale bars Z 100 mm. FECD, Fuchs endothelial corneal dystrophy; GFAP, glial fibrillary acidic protein; HCEnC, human corneal endothelial cell; MAP2, microtubule-associated protein 2; NCDP, neural crestederived progenitor; PI, propidium iodide.
Existence of NCDPs in Corneal Endothelium
The American Journal of Pathology -ajp.amjpathol.org Figure 6 NCDPs differentiate into corneal endothelium that retains p75-positivity in vitro. A: Spheres generated from early and latepassage NCDP cells were trypsinized and cultured on FNC-coated coverslips and allowed to differentiate for 6 days in Chen's medium. All NCDP cells express the neural crest marker p75 NTR and Na
that labels the corneal endothelium. Nondividing primary HCEnC were negative for p75 NTR . B: NCDP cells derived from spheres were plated in 12-well transwell inserts (0.4 mm) at a density of 100,000 cells per transwell, and TEnR was measured every 4 days for 20 days. Note that HCEnC-21M, -56M, -70M, and F-HCEnC-69M establishes a typical corneal endothelial barrier that ranges between 10 and 13 U cm 2 at 12 days that continues until 20 days. Previously established corneal endothelial cell line (HCEnC-21T) was used as positive control. The TEnR value for each time point represents the average of experiments. Data are expressed as means AE SEM. n Z 6 experiments (A); n Z 3 independent experiments with each experiment performed in duplicate (B). Scale bars Z 100 mm. HCEnC, human corneal endothelial cell; NCDP, neural crestederived progenitor; PI, propidium iodide; TEnR, transendothelial resistance. ajp.amjpathol.org -The American Journal of Pathology with a capacity to differentiate into other neural crest derivatives, such as neurons. Interestingly, the NCDP cells were identified in the endothelium of donors affected by FECD, indicating that the progenitors were spared by the dystrophic degeneration. These newly described cells hold the promise of being able to regenerate an individual's own endothelial cells, even in FECD.
Our study provides evidence that distinct subpopulations of highly uniform endothelial cells may represent neural crestederived SCs that persisted into adulthood with their full potential normally restricted by the local microenvironment but revealed in culture (Figure 7) . Contact inhibition, presence of transforming growth factor-b in aqueous fluid, and lack of paracrine stimulation by cell-cycleepromoting growth factors were likely factors 48 lifted in culture leading to the isolation and characterization of NCDP cells from normal and FECD donors (Figure 7) . The novelty of our findings lies in the fact that we isolated the NCDP cells from the primary culture and subcultured them for >70 passages to date. Before performing the SF assay, we detected that the purported NCDP cells (from normal and FECD donors) had significantly greater CFEs along with shorter CDTs than primary endothelial cells. We found that CFE was greater in young donors than in older donors. It is possible that the NCDP cells of older donors have acquired oxidation-induced macromolecular damage that renders them more prone to be senescent. 49 Nevertheless, the production of neural crest markers PAX3, SOX9, AP-2b, Nestin, and p75 NTR and endothelial lineage-related proteins, along with TEnR, did not vary between early and late passages and was readily detected in F-HCEnC-69M. Moreover, the primary HCEnCs fated for senescence did neither stain with p75 NTR nor form spheres (Figure 7) . Similarly, previous studies showed that p75 NTR is highly expressed in corneal endothelial progenitor cells and might be an important cell surface marker for isolation of progenitor cells from tissues. 6, 26 However, our study identified that there is a cooperative expression of pluripotency, neural crest, and endothelial lineageerelated genes involved in the phenotypic footprint of the endothelial NCDP cells. In the niche of spheres in vitro, endothelial NCDP cells exhibited a transcriptional profile of pluripotent cells that persisted in high passages (>70 passages), although some markers trended toward lower expression with older donors and higher passages, indicating possible epigenetic modifications of NCDP cells with increased passaging and donor age. Further corroborating their pluripotency, the HCEnC-21M, -56M, 70M, and F-HCEnC-69M cells were able to generate neural progeny in vitro as identified by glial fibrillary acidic protein, microtubuleassociated protein 2, and b-III tubulin stains. This underscores the neural crest origin of the human endothelial progenitor cells, a finding that has not been described in the previous studies on endothelial SCs. 6, 11, 13 Interestingly, the endothelial cell progeny of NCDPs retained the expression of p75 NTR and continued to proliferate without signs of senescence. This indicates that these cells are not yet terminally differentiated in vitro and might provide a source of constructs for regenerative therapies (Figure 7) .
Of note, NCDPs were not affected by FECD. A main hallmark of FECD is the central formation of guttae and Figure 7 Diagram of the role of the adult NCDPs in endothelial cell renewal. Highly proliferative colonies isolated from normal and FECD corneal endothelium demonstrate expression of neural crest progenitor markers and propensity for neurosphere formation which fosters stem cell niche in vitro and promotes differentiation into neuronal structures and p75-positive differentiated endothelial cells, indicating a potential application for future regenerative therapies. FECD, Fuchs endothelial corneal dystrophy; FGF, fibroblast growth factor; GFAP, glial fibrillary acidic protein; MAP2, microtubule-associated protein 2; NCDP, neural crestederived progenitor.
The American Journal of Pathology -ajp.amjpathol.orgendothelial cell loss in the early stages of the disease with progression of the same findings toward the periphery in the later stages. 5, 50 The central cornea is in the direct path of UV light, 51 which causes epigenetic modifications in CEnCs and contributes to acquire DNA damage, which is known to account for the pathogenesis of FECD. 52 It is likely that peripheral NCDPs were not yet affected by the oxidative stresseinduced damage and thus were amenable to isolation and identification.
In the future, two main questions that need to be addressed are, first, can we identify the predominant location of the endothelial NCDP cells; and, second, what are specific factors in the local corneal microenvironment that restrict the potential of NCDPs. Our study suggests that NCDP cells are possibly interspersed throughout the endothelial mosaic because the normal NCDP cells were isolated from the whole corneas, whereas the FECD NCDP cells were retrieved from a surgical specimen of approximately 8 mm in size. Previous studies reported existence of progenitor-like cells at the peripheral zone in human corneal endothelium.
7,9,13 He et al 7 elucidated the presence of the nonvisual periphery of the cornea, a renewal zone where endothelial cells divide very slowly and migrate toward the center, suggesting the specific niche located in the trabecular meshwork or in the transition zone. Moreover, HCEnCs identified through LGR5 expression exhibited stem/progenitor cell characteristics and were predominantly located in the peripheral zone of the cornea. 13 Existence of a potentially common progenitor cell of corneal endothelium and trabecular meshwork, residing in the transitional zone between the two cell types 7 needs further investigation, especially because trabecular meshwork cells share a neural crest origin with endothelium. 7 Regarding the second question, we previously demonstrated up-regulation of cyclin D and CDK4 in highly proliferative HCEnCs, indicating that these factors are crucial in bypassing control mechanisms of cellular senescence and maintaining an endothelial phenotype. 31 The growth modifying roles of DM, 53 aqueous humor, 54 and the limbal microenvironment 7, 29 are possible factors that contribute to the dormancy of NCDP cells in vivo. Further elucidation of the interplay between the local microenvironment, the NCDP cell niche, and the transcription factors involved in maintenance of NCDP cell stemness is important for understanding how to enhance propagation of endogenous endothelium in vivo.
Conclusions
We detected that an endothelial monolayer harbors NCDP cells that are capable of perpetual division and retain the potential to differentiate into other neural crest derivatives. The cooperative expression of pluripotency and neural crest marker genes contributes to the phenotypic footprint of the NCDP cells in normal donors and is preserved in FECD patients. This highly novel finding has a great impact on the clinical approach to FECD patients, whose endothelium is currently treated as being terminally and irreversibly damaged, requiring an allogeneic transplantation to provide a new source of cells. The finding of fairly normal NCDP cells in FECD opens a new area of research focusing on the retrieval and utilization of progenitors for autologous cell therapies in the future. ajp.amjpathol.org -The American Journal of Pathology
